The effect of flood timing on the benefit of flood alleviation: development of a methodology and its application to Maidenhead by Arnell, Nigel
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The demand for long -term sc ientifi c ca pa bilitiei conce rning the
re sources of the land and its fres hwate rs is rising sha rply as the
•
powe r of ma n to change his e nvironme nt is growing , and with
it the sc ale of his impact. Co mp rehens ive re se arch fac ilities
•
(laborator ies, fi eld stud ies computer mod elling , ins trume ntation,
remote se nsing) are need ed to provid e so lutions to the
c hallenging proble ms of the mode rn world in its conce rn for
• appropriate and sympathe tic manage me nt of the fragile syste ms of
the land 's surface .
The  Ten e s trial and Freshw ater Scie nc es  Dire ctora te of the
• Natura l Environme nt Rese arch Counc il brings toge the r an
exceptionally wide range of app ropriate d isc iplines (che mis try,
•
b iology, e ng ine ering, p hysics, geology g eography, mathe matics
and compute r sc ie nces) comp ris ing on e of the world's largest
•
bod ies of es tab lishe d environm ental e xpe rtise . A staf of 550,
large ly g rad uate and p rofessional, from four Institutes a t e leven
•
labo ratories a nd fi e ld stations a nd two Unive rsity units p rovide
the specialise d know ledge and e xpe rie nce to me e t nationa l and
inte rnationa l needs in three major areas :
•
O .
Land Use and Na tural Re sources
•
• Environme ntal Quality and Pollution
•
•
Ecology and Conse rva t on
•
•
•
•
•
•
•
•
•
•
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•I . In troduction
•
The present value of the future benefit of a fl ood alleviation scheme is
conventionally determined by assuming that the average benefi t is achieved
•
each year. In practice, the benefi t enj oyed depends on the exact t iming of
fl ood occurrences, and although on average the present value aft er, say, 50
•
years that calculated assuming the average benefi t is achieved each year, the
present value of benefit in one 50 year period may be very different to that
•
in another. Since the future pattern of fl ooding at a site is not known,
computer simulation techniques must be used to estimate the probabil ity that a
desired benefit is achieved within a fixed time period.
•
A computer program has been written and applied to data from Maidenhead.
Under some limiting assumptions, it has been found that although the present
•
value of benefits as .conventionally estimated is less than currently estimated
scheme costs, there is a 34% chance that the benefit will actually exceed costs
•
over the next 50 years. There is a 21% chance that costs will be covered
within 25 years, but there is also a 59% probabil ity that costs will never be
•
covered. For comparative purposes, if costs arc such that the benefi t-cost- ratio
is exactly 1, there is still .only a 44% chance that the scheme would actually
•
achieve a benefi t greater than costs. Some sensitivity analyses have been
performed to assist with the understanding of the robustness -of the estimates.
•
• 2. Background
•
Flood o lleviation schemes arc assessed by comparing the costs of the scheme
•
with the benefi ts of that scheme, where the benefi ts are the losses the scheme
prevents. Benefi ts are conventionally calculated by deriving a notional 'average
•
annual benefi t', which can be seen as the benefi t achieved over a very long
period distributed  equally  between  years (although in practice average annual
•
benefit is evaluated 'theoretically' using a damage-probability relationship rather
than simple averaging). The current worth of the future stream of benefi ts is
•
then determined by discounting each annual benefit to present values,
assuming, for example, that the average benefi t is attained each year for the
•
next 50 years.
•
However, the "average" damage and benefi t docs not occur each year: in
some years there are no fl oods, and hence no benefi t from the al leviation
•
scheme, but in others there are fl oods of greatly varying magnitudes. In
general , the sooner a fl ood occurs, the greater the benefi t of protecting
•
against that fl ood. Because of discounting, the current value of protecting
against a big fl ood that happens next year is much greater than the value of
•
the benefit from protecting against the same fl ood occurring in 50 years time.
The scheme planner can therefore ask two questions:
I) what benefi t will actually have been attained in 50 years time?
2) if the current value of the benefi t attained by then has not reached
•
•
•
some crit ical target value - such as . scheme costs - how long would it be
before i t will ?
The answer to these questions depends on the future timing of fl oods, which
cannot of course be predicted.
I t is therefore possible to appraise a fl ood alleviation investment as having
returns which will depend on the future pattern of fl ooding - which is
unknown - and this investment can be seen as very similar to a commercial
investment• made under conditions of commercial uncertainty. A n investor will
be prepared to invest in a venture if the investment is expected to be
recouped. The decision to invest will be based on either a best guess of the
probabil ity that the desired returns will be attained in a specified period, or
on an estimate of the time it will take to recover the investment (and will be
infl uenced by the investor 's degree of risk aversion).
A lthough the hydrologist does not know the future pattern of fl ooding at any
sitc, enough is usually known of fl ood characteristics to make estimates of
conceivable future patterns. The number of such patterns will be infi nitely large
(since fl oods can take on a continuum of magnitudes), and categorisation of
fl oods and benefi t into discrete classes still gives a very large number of
alternative scenarios: even if benefi t fell into one of only two classes - none
and some, for example - there would be 250 (or 1.1 x 1055) dif erent, equally
likely, possible future 50 year time series.
The most pri ctical approach to modelling the future is therefore based on
computer simulation experiments. With such experiments it is possible to
generate many synthetic time series and build up distributions of the current
value of the benefit attained after a fixed period N years and the time it
takes for the current value of benefi t to reach a predetermined fixed fi gure
(such as the current value of scheme costs). It is then possible to estimate
the probabili ty that the benefi t after N years is greater than - or alternatively
less than - certain key values, and the probabil ity that the desired benefi t is
achieved within specifi ed time periods.
3. Methodology
A computer program has been written to perform the analyses, and has the
general structure shown in Figure 3.1. In essence, the program generates a
time series of floods, determines the losses that are incurred each year with
and without the proposed scheme, and converts the annual benefi t to present
values using
Present value PVI
Benefi tI
( 1 * r)1
where `Benefi tf is the benefi t in year I and r is the discount rate. A running
total of the present value of benefi t attained is kept, and both the sum aft er
N years and the number of years necessary for the sum to reach a specifi ed
2
target fi gure C arc recorded.
Figure 3.1 Structure of benefi t estim ation p rogram
Set up input characteristics:
fl ood frequency relat ionship
damage-magnitude/duration re lationship
discount rare
time hor izon NYRS
number of repertitions NRE P
target benefit TA RG ET  
If (I > NYRS and
SUM > TARG ET) then
I.
Generate a flood for year I
f
Convert flood to losses (with and without
the scheme), and calculate benefi ts for
year I
Discount benefits attained in yea r 1 to
prese nt values, and maintain runn ing sum
If (I < NYRS) or
(I > NYRS but SUM < TA RGET )
then I = I + 1
Have NRE P repetitions been made?
3
NO
Produce histograms and frequency distribu tio ns
of estimates of Present Values after NYRS
and time taken to achieve target benefi ts
Figure 3.2 illust rates the procedure using 4 dif erent synthetic time series of
length 50. Aft er many repet itions frequency distr ibutions of the present value
of benefi t aft er N years and the time needed for the present value to reach
C can be buil t up. From these distr ibutions it is possible to determine  the
probabili ty that benefi t in the next N .years will be greater than some specified
fi gure (or example the current value of scheme costs), or the probabil ity that
the desired benefi t will be attained within a specifi ed time period.
I t is important to note that the mean of all the possible estimates (the
'sampling distribution') of the present value of benefi t af ter N years is equal
to the present value of the average annual benefi t, discounted over N years.
This is shown below:
E(PV in N years) = E(PV + 1V2 + + PVN)
E(PV1) + E(PV2) + + E(PVN)
E(ben1 ) + E(ben 2 ) + E(ben N)
(I n ) (b r) 2 ( l +r)N
= E(ben) 1 - ( 1— )"m yr
I n
. . (2)
where PV/ is the present value in year I and ben/ is the actual benefi t in
year I. Sincc the expected damage in each year is constant (assuming no
change in damage potential over time), equation (4) can be rewritten as
1 1 1 -
E(PV in N years) = E(ben) {  (5)
i t t (b r) 2 (1+0 IN
The biacket in equation (6) is the conversion used to determine present value
from atierage annual benefit.
Th e conventional approach therefore gives an unbiased estimate of the present
value of fu ture benefi t (assuming the fl ood frequency relationship is perfectly
known), even though it does not provide any information on the probabil ity of
attaining this benefi t.
4. Application to Maidenhead
4.1 COND ITIONS AND ASSU MPTIONS
The computer model was applied to Maidenhead, with the fol lowing conditions
and assumptions:
1) The fl ood frequency relationship was taken from Insti tute of Hydrology
(1988), and is based on probabili ty distributions fi tted to data from
several gauging stations on the Thames. I t is assumed that the
4
Figure 3.2 Four .synthefi c 50 year tim e series
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estimated fl ood  frequency relationship describes perfectly  the true
frequency relationship at Maidenhead.
2) The relationship between fl ood magnitude and fl ood damage as defi ned
by Middlesex Polytechnic, and as given in Table 4.1, was used. This
relationship includes only damage to property: indirect and transport
losses are excluded.
Table 4.1 Dam age-fl ood magnitude relationship used in study
Return period
(years)
Discharge
(th3 sec' )
Average annual damage: £ 1,325,358
Present value: £24.28 million
discount rate =  5%
t ime period = 50 years
6
t)arnage
(£
2 231 0
5 320 542,882
9 360 1,568,686
25 440 11,012,424
56 500 19,799,397
101 550 28,947,680
204 610 38,145,128
3) d discount rate of 0.05 and time hor izons of 25, 50 and 75 years were
used.
4) The desired benefi ts were fi xed to be the present value of the scheme
costs, £26.68 mil lions.
5) I t is assumed that all costs occur as a lump sum at the beginning of
the specifi ed time horizon: there are no further costs. It is further
assumed that the scheme is implemented 'instantaneously'.
6) The scheme prevents all losses up to a discharge of 610 m3 seC 1
(with a return period of approximately 200 years), wi th no protection
thereaft er. This is consistent with the assumption used to calculate the
discounted scheme benefi t to be £24.28 millions (Table 4.1).
7) There is no change in fl ood risk over time, and exposure to loss
remains constant.
8) Only one fl ood can cause damage in any one year. Th is is acceptable
because, whilst some damage is incurred in fl oods which may occur
several times a year, signifi cant damage begins only in much rarer
events.
••
•
•
• 9) The simulation experiments involved 1000 repetitions.
• Each of these assumptions can be relaxed as more information becomes
available.
•
• 4 .2 RESULT S: PRESENT VALUE O F BENEFITS AFT E R
50 YE ARS111
I The conventional estimate of the present value of benefi t aher 50 years is
£24.28 millions (Table 4.1), which is calculated from the average annual
• damage and is equivalent to the mean of all possible estimates of the ,present
value of benefit over 50 years (Section 3). Over the 1000 synthetic 50 year
O time series, the present value of benefi t ranged from just 14% of this value
to approximately 400%. Figure 4.1 shows the histogram of the 1000 estimates
• of present value, and indicates the skew in the estimates: the mean is
signifi cantly influenced by a few large values. The cumulative frequency
• distribution is more useful, however, and Figure 4.2 shows the probabili ty of
attaining a benefi t in 50 years less than any given value. Th ere is thus a .66%
• chance that benefit will be less than the scheme costs of £26.68 mil lions, but
also therefore, conversely, a 34% probabil ity that the scheme costs will be
• recovered as fl ood damages saved over the next 50 years.
i Figure 4.2 also shows the distribution of present values after 25 and 75 years.
As the time horizon incrcases, the distribut ion of present values changes less:
• there is only a slightly higher probabil ity of achieving a ' benefit of £26.68
mill ions in 75 years than in 50 years, and this is betause damages occurring
• at such distances into the future have low present values.
O To plk e these values in context it is interesting to calculate the probabili ty of
a scherhe which is deemed to be only just cost ef ective (with a benefi t-cost
• ratio of 1) actually yielding a benefi t greater than costs in the next 50 years.
Figure 4.2 shows that there is a 56% chance that benefi ts in the next 50
• years wil l be less than the mean benefi t of £24.48 millions, and therefore
there is only a 44% chance that a scheme assumed to be j ust efi cient willI actually be so.
4.3 RESULTS: TIME NECESSA RY TO ACHI EVE DESIRE D
BE NE FITS
The desired benefi t is fixed to be the present value of scheme costs (£26.68
• mill ions). In 59% of the 1000 synthetic t ime series the present value of
benefi t never totalled £26.68 million. Figure 43, which shows the cumulative
• frequency distr ibution of 'time to profit' indicates that there is approximately a
34% chance that the desired benefi t wil l be attained within 50 years
(consistent with the result given in 4.2). Th ere is a slightly higher chance
(40%) that the desired benefi t will be achieved within 100 years, and a 21%
probabil ity that the benefi t will be reached within 25 years.
Figure 4.1 Histogram of the present value of scheme benefi t aft er
50 years
2 10
0
20
15
0
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Present value of benefit af ter 50 years Mml
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Figure 4.2 Distribution of present value of scheme benefi t aft er 25,
50 and 75 years
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5. Sensitivity Analysis
5.1 T HE SIZ E OF T HE DES IRE D BENE FIT
T he time taken to achieve thc desired benefi t obviously depends on the
magnitude • of this benefi t, but the ef ect of changes in the target is less
immediately clear. Accordingly, simulations were run using thc Maidenhead
dam age function with desired benefits of £20 millions, £25 millions, £30
in il lions and £35 mill ions. The distr ibutions of the resul tan t 'time to profit ' are
shown in Figure 5.1, and the probabili ties of achieving the target benefit by 25
and 50 years - or neve r - are given in Table 5.1. For example, the probabil ity
of achieving the desired benefi ts within 50 years varies between 18% and 50%
as the desired benefi t reduces from £35 millions to £20 millions. I f the
desired target is changed by a given percentage the probability of achieving
that value wit hin a speci fi ed time period changes by a greater amount, and a
decrease in desired benefi t has a greater effect than an increase.
7b ble 5.1 Probability of ach ieving diff erent desired benefi ts in 25 or
50 yew s or never
Desired
benefi t
% chance of
achieving
benefi t in
25 ycars
% chance of % chance
achieving of never
benefi t in achieving
50 years . benefit
I t is possible to interpolate in Figure 5.1 to determine the probabil it ies of
achieving other values of benefi t within a given time period.
5.2 T H E EFFEC l b OF RESID UAL DAMA GES
It has been assumed so far that the scheme provides complete protection to
610 m3 sec- , or a return period of approximately 200 years. The real design
standard of any scheme at Maidenhead is likely to be somewhat less than this,
and an attempt was therefore made to assess the consequences of lowering
the threshold at which residual damages begin.
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The computer program was run for several different standard s of protection,
assuming that there was complete protection against even ts less than the
• design standard  and partial  pro tection  against larger even ts, as  indica ted in
Figure 5,2. This is recognised to be an approximation, and the analysis could
•
be further refi ned once more deta iled information on thc magnitude of
residual damage becomes available. Figure 5.3 shows the distributions of the
present values of benefi t over 50 years for pro tection to the 56 year (the
1947 fl ood) and 100 year events, in comparison with the distribution assuming
complete pro tection to 610 m3sec- I . It is clear that allowing for residual
damages has an effect on the estimated risk of not achieving specified target
•
benefits with in 50 years: for example, the probability of the benefit after 50
years being less than scheme costs increases from 66% to approximately 74%
if it is assumed that the scheme only gives complete protect ion to the 56 year
fl ood ra ther than 610 m3sec- ' . When a scheme design standard of 100 years
• is co nsidered, the probability of gett ing a benefit less than scheme costs is,
however ,  little  changed at 68%.
•
• 5.3 T HE CHAR AC IE RISTICS OF T HE FLO OD
GEN ERAT ING PROCESS
•
•
The form of the fl ood frequency relationship has been assumed to be known
with cer tainty, but in reality it is an estimate from one of many conce ivable
•
samples of fl ood da ta on  the  River Thames. The  sensitivities of the  shape of
the dist ribu tions of present values and 'time to profi t' to the underlying fl ood
•
frequency relationship were assessed by bo th increasing and decreasing the
discharge estimates for given return period s by 5%. Th e new 'pe rturbed'
•
frequency curves are shown in Figure 5.4, and i re with in the de fi ned
confidence limits (Institute of Hydrology, 1988) . It must be emphasised,
• however, that it is no t possible to assign a probability or confidence value to
the mod ifi ed curves: it is sufficient to no te that the modifi ed curves could
feasibly ' represe nt the true underlying form of the fl ood data at Maidenhead.
• Figurc 5.5 shows the distribution of the presen t value of benefi t after 50 years
for the original freque ncy relationship and the relationships with a 5% increase
• or decrease in discharge at each retu rn period. Increasing the discharge at a
given re turn period -  and hence increasing the freque ncy of a given  discharge
• - has a greater ef ect on the probability of attaining i specifi ed benefi t than
reducing the estimated frequency of fi xed discharges. For example, if discharges
are increased by 5% the probability of getting a benefi t less than £26.68
millions in 50 years decreases from 66% to 44%: if discharges are reduced by
• 5% the probability of not achieving this be nefit rises to 77%. Th e same ef ect
is illustrated in Figure 5.6, which shows the probability of the desired benefi t
• (£26.68 millions) being achieved in a given number of years: the estimated
econo mic viab ility of the scheme is therefore strongly infl uenced by the
• estimated characteristics of the fl ood generating process.
•
•
13
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Figure 5.2 Form of damage-p robability f unctions used when
considering residual damages above scheme design
standard
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•Figure 5.3 Distribution of present .value of benefi t with dif erent
standards of protection
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Figure 5.4 Perturbed f requency curves used in sensitivity analysis
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Figure 5.6 Distribution of times needed to reach target benefi t of
0 6.68 millions with dif erent f requency curves
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6. Conclusions
0
0 This report presents the results of an investigation into the ef ect of thetiming of future fl oods on the present value of fl ood alleviation scheme
•
benefi t, and in particular on the probabil ity that realised benefit wil l be greater
than specifi ed desired values or that the time taken to achieve a desircd
benefi t wil l be less than a defined number of years. A general methodology
has been developed.
• T he procedure was applied to data from Maidenhead, wi th assumpt ions as
•
specif ied in Section 4.1. "th e estimated present value of scheme benefit of
£24.28 mill ions represents the mean benefit achieved over all possible future
•
patterns of fl ooding in the next 50 years and is less than currently estimated
scheme costs of £26.68 mil lions. T he computer simulation experiments, however,
•
showed that in 34% of the possible patterns of future fl ood timing the actual
benefi t enj oyed would exceed costs: in other words, there is a 34% probabil ity
•
that the present value of benefi t over the next 50 years wil l actually cxceed
scheme costs.
• The experiments also show that there is a 21% chance that actual benefi t wil l
•
exceed scheme costs wi thin 25 years, but a 59% chance that benefi ts will
never exceed costs. It is also interesting to note, for comparative purposes,
•
that there is only a 44% chance that a scheme which is just effi cient (a
benefi t-cost ratio of exactly 1) would actually give a benefi t greater than costs
•
in 50 years.
•
The estimated time necessary to achieve desired of benefi t is sensitive to the
actual value of the target, and a given percentage change in target results in
•
a greater percentage change in the probabil ity of that benefi t being achieved
within , a specifi ed time. A ltering the frequency of particular events also
•
signifi cimtly infl uences the estimated probabil ity of achieving the desired benefi t,
with increases in frequency having the greatest effect.
Further studies are needed to consider the following issues:
• ( 1) use of a more realistic damage-probabil ity function which caters for
•
residual damages beyond scheme design standards;
(2) incorporation of expenditure on maintenance during scheme life;
•
(3) consideration of the ef ect of uncertainties in the fl ood frequency
relationship on estimates of the probabil ity of achieving desired
•
benefi t in a specifi ed time period. This would be done by repeating
the simulation experiments with different parent fl ood frequency
•
generators, and thus building up a distr ibution of "probabil ity of
achieving desired benefiC.
• The last issue requires many more simulation experiments and would in
•
practice be very time consuming, but the fi rst two issues are much more
readily addressed.
•
•
• 19
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